A R T I C L E I N F O
Introduction
The endocannabinoid system, which consists of cannabinoid receptors (i.e. CB 1 , CB 2 ) and their endogenous ligands (i.e. anandamide and 2-arachodonoylglycerol), has been the target for a number of drug discovery efforts aimed at treating chronic pain [1] . However, direct CB 1 receptor activation can result in unwanted side effects including tolerance, withdrawal and nausea [2] . Inhibitors of endocannabinoid deactivation have been developed in drug discovery efforts aimed at harnessing therapeutic efficacy of the endocannabinoid signaling system while circumventing unwanted side-effects that occur with direct CB 1 receptor activation. These compounds include inhibitors of both fatty-acid amide hydrolase (FAAH) [3] , the major hydrolytic en- monoacylglycerol lipase (MGL) [4] , the primary hydrolytic enzyme responsible for the degradation of 2-arachidonylglyercol (2-AG). Both AEA and 2-AG bind to both cannabinoid receptors, whereas 2-AG binds preferentially to CB 2 relative to AEA [5] . Genetic deletion or chronic inhibition of MGL is efficacious in reducing neuropathic pain, but ultimately results in functional CB 1 receptor tolerance and dependence [6, 7] . By contrast, FAAH inhibitors show efficacy in preclinical models of pain [8, 9] , nausea [10] , and anxiety [11, 12] without the occurrence of tolerance [6, 13] . Whether repeated dosing with FAAH inhibitors could themselves produce signs of physical dependence in the presence of a pathological pain remains unknown. The impact of CNS-penetrant FAAH inhibitors on physical dependence, such as that induced by Δ 9 -tetrahydrocannabinol, has typically been assessed in the absence of a pathological pain state [13] . Moreover, pathological pain states and chemotherapeutic treatment, themselves, can alter endocannabinoid tone [8] . For example, the platinum-derived chemotherapeutic agent cisplatin alters endocannabinoid tone in both the CNS and periphery [8] . FAAH inhibitors also have widespread physiological effects that can impact sleep [14] , metabolism, among other physiological functions [15] . A recent report suggests that FAAH inhibition is efficacious in suppressing symptoms associated with cannabis use disorder [16] . However, despite demonstrated preclinical antinociceptive efficacy of FAAH inhibitors, clinical translation for pain has remained elusive. FAAH inhibitors did not exhibit significant efficacy in several phase II clinical trials of osteoarthritis [17] , painful diabetic neuropathy [18] , pelvic pain and bladder dysfunction [19] despite being well tolerated with little to no adverse events reported in each of these studies. Most strikingly, the FAAH inhibitor BIA10-2474 left one dead and four others with severe neurological symptoms [20] . However, this compound binds to a number of other serine hydrolases not exhibited by other FAAH inhibitors evaluated clinically [17] and interactions with proteins other than FAAH are likely to mediate these extreme adverse events [21] . These observations highlight the need for evaluating both efficacy and possible unwanted side effects associated with chronically administered FAAH inhibitors.
In vitro studies suggest that AEA directly binds to TRPV1 and enhances capsaicin-induced calcium influx in sensory neurons derived from dorsal root ganglia [22, 23] and trigeminal sensory neurons [24] . Whether such effects occur under physiological conditions is incompletely understood. However, we recently reported that genetic deletion of FAAH results in a pronociceptive phenotype in response to the TRPV1 agonist capsaicin [25] . These observations raise the possibility that high levels of AEA and/or other lipid mediators resulting from chronic FAAH inhibition, could be pronociceptive under certain conditions. It is important to note that FAAH is responsible for not only the degradation of AEA, but also several other N-acyl ethanolamines (e.g. N-palmitoyl ethanolamine (PEA)), endovanilloids (e.g. N-docosahexaenoyl ethanolamine, N-oleoyl ethanolamine) and arachidonic acid derivatives that do not bind to cannabinoid receptors [26] . Deletion of FAAH produces widespread changes across the lipidome in brain tissue [26] , suggesting that sustained inhibition of FAAH could substantially alter the brain lipidome overall, potentially yielding unanticipated side effects.
We recently reported that both a centrally penetrant (URB597) and peripherally restricted (URB937) FAAH inhibitor, administered acutely, synergized with the opioid analgesic morphine in suppressing neuropathic pain induced by the taxane chemotherapeutic agent paclitaxel [27] . Notably, synergistic doses of these FAAH inhibitors, which enhanced the anti-allodynic effects of morphine, did not exacerbate morphine-induced slowing of gastrointestinal transit [27] . URB937 suppressed paclitaxel-induced neuropathic pain solely through a peripheral CB 1 mechanism; anti-allodynic efficacy of URB937 was blocked completely by either a peripherally restricted CB 1 antagonist (AM6545) or a global (AM251) CB 1 antagonist, but not by a CB 2 antagonist (AM630). URB597 suppressed paclitaxel-induced neuropathic pain through both CB 1 and CB 2 mechanisms; the anti-allodynic effects of URB597 were fully blocked by AM251 but only partially blocked by AM6545 or AM630. Thus, the receptor mechanisms and sites of action underlying anti-allodynic efficacy of the brain permeant and impermeant inhibitors of FAAH only partially overlap. In the present study, we used the same mouse model of paclitaxel-induced neuropathic pain to compare the impact of chronic treatment with a centrally penetrant FAAH inhibitor (URB597) [12] , a peripherally restricted (URB937) FAAH inhibitor [28] and a pan-cannabinoid agonist (WIN55,212-2) on both the development and maintenance of paclitaxel-induced allodynia. We investigated whether URB597 or URB937 would prevent the development of paclitaxel-induced neuropathic pain or reverse the maintenance of already-established paclitaxel-induced painful neuropathy. We also challenged mice in each treatment regimen with the CB 1 receptor antagonist rimonabant to precipitate somatic signs of CB 1 -receptor dependent withdrawal. In addition, we evaluated whether restricting treatment with either FAAH inhibitor to the period of paclitaxel dosing would suppress paclitaxel-induced neuropathic pain in a manner that was sustained following termination of drug delivery. Lastly, we asked whether URB597 or URB937 would alter the ability of paclitaxel to reduce tumor cell line viability in both breast cancer (i.e. 4T1) and ovarian (i.e. HeyA8) tumor cell lines in vitro. Specificity of FAAH inhibitors actions in tumor cell lines was also assessed by testing the same concentrations of URB597 and URB937 on non-tumor human-derived embryonic kidney (HEK293) cells in the presence and absence of paclitaxel.
Materials and methods

Subjects
Adult male C57BL/6J mice (all ∼12 weeks of age and weighing ∼26-32 grams at the start of experiments) were purchased from Jackson Laboratory (Bar Harbor, ME). Mice were single housed in a temperature controlled facility with ad libitum access to food and water, and maintained on a 12 hour light/dark cycle (7 AM-7 PM). All experimental procedures were approved by the Bloomington Institutional Animal Care and Use committee of Indiana University and followed the guidelines of the International Association for the Study of Pain [29] .
Drugs and chemicals
Paclitaxel (Tecoland Corporation, Edison, NJ, USA) was dissolved in a 1: 1: 18 ratio of cremophor EL: ethanol: saline and injected intraperitoneally (i.p.) in a volume of 6.67 mL/kg. URB597, URB937 and WIN55,212-2 (all from Cayman chemical Company, Ann Arbor, MI) and rimonabant (National Institute on Drug Abuse, Bethesda, MD) were dissolved in a vehicle consisting of 20% DMSO: 8% ethanol: 8% emulphor and 64% saline and administered via intraperitoneal (i.p.) injection in a volume of 5 mL/kg. FAAH inhibitors (URB597, URB937) were administered 2 hours prior to behavioral testing (i.e. when AEA and other fatty acid amides are validated to be elevated but 2-AG levels are unaffected) [8] . WIN55,212-2 was administered (i.p.) 30 minutes prior to behavioral testing as performed in our previous work [30] .
General experimental protocol
All behavioral experiments were conducted by a single experimenter (RAS) blinded to the treatment condition. Mice were randomly assigned to experimental conditions. Animals were single housed prior to chronic dosing, which preserved blinding of the experimenter throughout drug manipulations and in vivo testing procedures and maintained continuity with our previously published work employing chronic dosing of other cannabinoid modulators (i.e. THC, CP55,940, JZL184, GAT211, AM1710 and LY2828360) in the same neuropathic pain model [27, [30] [31] [32] [33] [34] [35] . Videos were scored by an independent observer (SM) who was blinded to experimental conditions.
Assessment of paw withdrawal thresholds to mechanical stimulation
Paw withdrawal thresholds (in grams) to mechanical stimulation were measured using an electronic von Frey anesthesiometer (IITC model Alemo 2390-5, Woodland Hills, CA) as described previously [30, 36] . Mice were placed on an elevated metal mesh table where they were habituated under individual, inverted plastic cages for at least 20 minutes prior to testing. Following the cessation of exploratory behaviors, a force was applied to the midplantar region of the hind paw with a semi-flexible tip connected to the anesthesiometer. Mechanical stimulation was terminated when the mouse withdrew its paw from the mesh surface. The threshold for paw withdrawal was determined in duplicate in each paw; responsiveness in each paw was averaged into a single determination for each animal.
Assessment of responsivity to cold stimulation
Responsiveness to acetone was measured ∼30 min following assessment of responsiveness to mechanical stimulation. Using the blunt end of a 1cc syringe, a bubble (∼5-6 μL) of acetone was applied to the plantar surface of the hindpaw. The total time the animal spent elevating, shaking or licking the acetone-stimulated paw was recorded over a one minute period following application. This was repeated three times per paw, alternating stimulations between paws such that ∼7 minutes separated successive applications of cutaneous stimulation to the same animal. Values were calculated as the mean of 6 stimulations (3 per paw) from each subject.
Paclitaxel-induced neuropathic pain
Paclitaxel (4 mg/kg i.p.) or its cremophor vehicle was administered once daily every other day over a 6 day period (i.e. day 0, 2, 4 and 6). In studies evaluating the maintenance of paclitaxel-induced neuropathic pain, behavioral testing occurred on day 0, 4, 7, and 15 as described previously [32, 36] followed by drug treatments starting on day 16 . In studies evaluating the impact of pharmacological treatments on the development of paclitaxel-induced neuropathic pain, behavioral testing took place before and on day 0, 4, 8, 16 , and 20 days following initiation of paclitaxel dosing. Behavioral testing took place every 4 days following the initiation of drug treatments in each condition. In our previous work, paclitaxel treatment did alter marble burying or nestlet shredding under conditions in which allodynia was present, while our lab [30, 31, [36] [37] [38] [39] and others [40] [41] [42] [43] [44] have shown that assessments of evoked measures of mechanical and cold hypersensitivities are reliable and reproducible dependent measures that document the existence of behavioral hypersensitivities that persist for many weeks following termination of paclitaxel dosing. Therefore, we compared the impact of chronic treatments on measures of evoked pain (i.e. to mechanical and cold stimulation) in our assessments of analgesic efficacy and tolerance. Physical dependence was assessed in the same animals by precipitating withdrawal using a CB 1 antagonist [30, 32] .
2.7.
Comparison of FAAH inhibitors with the orthosteric cannabinoid agonist WIN55,212-2 in reversing the maintenance of paclitaxel-induced neuropathic pain
In Experiment 1, mice were treated with URB597 (1 mg/kg/day i.p.), URB937 (1 mg/kg/day i.p.) or WIN55,212-2 (3 mg/kg/day i.p.) once daily for 21 consecutive days beginning on day 16, when paclitaxel-induced hypersensitivities to mechanical and cold stimulation were already established and maintained. Behavioral testing or responsiveness to mechanical and cold stimulation was performed every 4 days. In Experiment 2, URB597 (1 mg/kg/day i.p.), URB937 (1 mg/kg/ day i.p.) and WIN55,212-2 (3 mg/kg/day i.p.) were evaluated for their ability to suppress the development of paclitaxel-induced hypersensitivities. Once daily drug treatments began the same day as paclitaxel treatment, and continued for 20 days, with behavioral testing performed every 4 days.
In Experiment 3, in a separate set of animals, URB597 (1 mg/kg/day i.p.), URB937 (1 mg/kg/day i.p.) or vehicle were administered in a truncated dosing regimen (i.e. once daily for 8 days beginning on day 0) to determine whether these FAAH inhibitors would differentially alter the development of paclitaxel-induced neuropathic pain in a manner that would be sustained following termination of dosing with each inhibitor.
Evaluation of cannabinoid CB 1 receptor-mediated dependence
In studies evaluating either the maintenance (Experiment 1) or development (Experiment 2) of paclitaxel-induced neuropathic pain, all mice were given an i.p. injection of vehicle followed 30 min later by the CB 1 inverse agonist rimonabant (10 mg/kg i.p.). Vehicle challenge was used to permit evaluation of any impact of prior chronic dosing with the pharmacological treatments on intrinsic behavior. Rimonabant challenge was used to precipitate a CB 1 -dependent withdrawal syndrome, if observed, that is elicited by the CB 1 antagonist [32] following chronic dosing with cannabinoid agonists in the same mice. All animals, consequently, received both challenge injections. Challenges were initiated 30 or 120 minutes after the last drug treatment with WIN55,212-2, FAAH inhibitor (i.e. URB597, URB937) or vehicle, respectively. The entire 30 min interval following each challenge injection was videorecorded and subsequently scored. The number of bouts of scratching and paw tremors were scored by a single observer blinded to treatment condition (SM) using BORIS open source software [45] . Any break in the occurrence of these repetitive behaviors was defined as the termination of a bout of scratching or paw tremors.
Cell viability assay
4T1 mouse breast cancer cells were a gift from Dr. Harikrishna Nakshatri (Indiana University School of Medicine, Indianapolis, IN) and were maintained in RPMI-1640 supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. HeyA8 human ovarian cancer cells were a gift from Dr. Kenneth Nephew (Indiana University, Bloomington IN) and were maintained in DMEM supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. HEK293 cells were a gift from Dr. Ken Mackie (Indiana University, Bloomington IN) and were maintained in DMEM supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. All the cells were kept in a 37°C incubator equipped with 5% CO 2 . Cell viability was measured through the MTT assay (by ZX) as the manufacturer instructed (Roche, Indianapolis, IN). In all cell lines, each FAAH inhibitor was plated in a dose-response matrix in the presence (or absence) of ascending concentrations of paclitaxel, to enable assessment of drug combination effects at a broad range of dose levels for each agent. Cells grown on 96 well plates seeded at a density of 3000 cells/well were treated 24 h later in an 8 × 8 dose matrix design containing either URB597 or URB937 (0-50 μM), paclitaxel (0-500 nM) or the combination of both. Then, 10 μL MTT solution (5 mg/mL) was added to each of the wells after 72 hrs incubation. Thereafter, formazan was solubilized in 100 μl solubilization solution (SDS/HCL). The absorbance was measured at an optical density (OD) of 570 nm. Cell viability was determined by comparing the absorbance values of drug-treated cells with that of untreated control cells and plotted as % control. The results reported show quantification performed on three different experiments performed on separate days with each experiment including duplicate determinations. All in vitro data sets were normalized and subjected to a single nonlinear regression analysis to generate the EC 50 . Data from the dose-response matrix was analyzed using both Combenefit ('Combination Benefit'; Cancer Research UK Cambridge Institute; Cambridge, UK) [46] and Synergyfinder (https://synergyfinder.fimm. fi) [47] according to three synergy reference models: the Bliss independence model, the highest single agent (HSA) model, and the Loewe additivity model, as described in our previously published work [48] .
Quantitative real-time polymerase chain reaction (qRT-PCR) to analyze FAAH gene expression in 4T1 and HeyA8 tumor cell lines
Total RNA was extracted from 4T1 mouse breast cancer cells and HeyA8 human ovarian cancer cells. In brief, total RNA was isolated from 4T1 and HeyA8 cells using a TRizol (Invitrogen)/RNeasy (Qiagen) RNA mini Kit according to manufacturer's instructions. RNA (100 ng) was used in Power SYBR Green RNA to Ct 1 step kit (Applied Biosystems), with the following cycling conditions: 48°C for 30 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s, 60°C for 1 min, and 72°C for 1 min. RNA expression level was described by cycle threshold (Ct), where Ct levels are inversely proportional to the amount of target nucleic acid in the sample. FAAH relative gene expression between 4T1 and HeyA8 cell lines was normalized to that of the housekeeping gene GAPDH, and calculated via the 2 −ΔΔCt method [49] . Sequences for qRT-PCR primers are as following: FAAH sense, 5′-GCT GTG CTC TTT ACC TAC CTG-3′; FAAH anti-sense, 5′-GAA GCA TTC CTT GAG GCT CAC-3′; GAPDH sense, 5′-GGGAAGCTCACTGGCATGGC-3′; GAPDH anti-sense, 5′-GGTCCACCACCCTGTTGCT-3′.
Statistical analysis
Paw withdrawal thresholds (mechanical) and duration of acetoneevoked behavior (cold) were calculated for each paw and averaged into a single determination for each mouse for each stimulus modality. Paired t-tests were used to compare post-paclitaxel thresholds to baseline levels of responding within a given treatment group. Two-way repeated measures ANOVA with Bonferroni post hoc tests were used to compare drug treatments across treatment windows. A priori comparisons were also made using planned comparison and paired t-tests, as appropriate. In vivo data was analyzed using GraphPad Prism version 5.02 for Windows (GraphPad Software, San Diego, CA, USA, www. graphpad.com). p < 0.05 was considered statistically significant. For the in vitro assays of tumor cell viability, the combination response (additivity, synergy, or antagonism) was analyzed using Combenefit ('Combination Benefit'; Cancer Research UK Cambridge Institute; Cambridge, UK) [46] and Synergyfinder (https://synergyfinder.fimm. fi) [47] .
The experimental combination response was compared against the expected combination response, based upon the assumption of noninteraction, using three different standard reference models: the Highest single agent (HSA) model [50] , the Bliss independence model [51] and the Loewe additivity model [52] . Synergyfinder uses algorithms to generate both synergy scores and the most synergistic area scores (i.e. calculated from data derived from all experiments) that enable comparison of the effects of the combinations of either URB597 or URB937 with paclitaxel on tumor cell line viability in 4T1 and HeyA8 cells and on viability of non-tumor HEK293 cells. SynergyFinder (https://synergyfinder.fimm.fi) was, therefore, used to enable an unbiased analysis of different drug combination responses and better permit comparisons of the different reference models, which rely on different underlying assumptions (see [47] for review). In the HSA model, the synergy score calculates the excess over the highest single drug response [47] . In the Bliss model, the expected response is a multiplicative effect as if the two drugs acted independently [47] . In the Loewe model, the synergy score calculates the excess over the expected response if the two drugs were the same compound [47] . (Fig. 1B) .
URB597 and URB937 but not WIN55,212-2 reverse already established paclitaxel-induced allodynia without producing tolerance
In studies evaluating the impact of FAAH inhibitors on the maintenance of neuropathic pain, mechanical hypersensitivities were already established (p < 0.01 vs. baseline; two-tailed paired t-test) prior to initiating pharmacological treatments (i.e. on day 15 following initial dosing with paclitaxel). In paclitaxel treated mice, treatment with URB597 (1 mg/kg i.p. × 20 days), URB937 ( (Fig. 2A) . Post hoc comparisons revealed that both URB597 (p < 0.001 vs. vehicle for all time points) and URB937 (p < 0.001 vs. vehicle for all time points) reduced paclitaxel-induced hypersensitivities to mechanical stimulation throughout the entire chronic dosing period. By contrast, WIN55,212-2 initially elevated mechanical paw withdrawal thresholds relative to vehicle on day 1 (p < 0.01), but by day 4 of repeated dosing thresholds Fig. 1 . Paclitaxel treatment produces hypersensitivities to mechanical and cold stimulation. Treatment with the chemotherapeutic agent paclitaxel (4 mg/kg i.p. on days 0, 2, 4, and 6) results in hypersensitivities to (A) mechanical and (B) cold stimulation. Data are expressed as mean ± SEM (n = 5-6 per group) * p < 0.05 vs. cremophor vehicle, two-way repeated measures ANOVA followed by Bonferroni post hoc. Arrows denote days when paclitaxel or cremophor vehicle was administered. no longer differed from vehicle (p > 0.05), consistent with development of tolerance to anti-allodynic efficacy of the orthosteric agonist ( Fig. 2A) .
In paclitaxel-treated mice, URB597 ( (Fig. 2B) . Post hoc tests revealed that both URB597 (p < 0.05 vs. vehicle for all time points) and URB937 (p < 0.001 vs. vehicle for all time points) reduced paclitaxel-induced hypersensitivities to cold stimulation throughout the chronic dosing period whereas WIN55,212-2 only suppressed cold responsiveness relative to vehicle on day 1 (p < 0.01). By day 4 of repeated dosing, cold response times no longer differed between WIN55,212-2 and vehicle-treated groups (p > 0.05), consistent with development of tolerance to anti-allodynic efficacy of the orthosteric cannabinoid agonist (Fig. 2B) . (Fig. 2C) .
Challenge condition altered the number of scratching bouts [ (Fig. 2D) . (Fig. 3A) .
In paclitaxel-treated mice, pharmacological treatments reduced cold responsiveness [ (Fig. 3B) . (Fig. 3D) .
URB597 or URB937 does not prevent the development of paclitaxelinduced hypersensitivities
In paclitaxel-treated mice, restricted dosing with either URB597 (1 mg/kg i.p. × 8 days) or URB937 (1 mg/kg i.p. × 8 days) during the development of neuropathy altered mechanical responding in a time dependent manner, as documented by a significant interaction between treatment and time [ (Fig. 4A) . Post hoc tests revealed that both URB937 (day 8: p < 0.05) and URB597 (day 4: p < 0.05; day 8: p < 0.01) elevated mechanical paw withdrawal thresholds relative to vehicle at specific time points (Fig. 4A) .
In paclitaxel-treated mice, restricted 8-day dosing with either URB597 or URB937 during the development of paclitaxel neuropathy attenuated cold responsiveness [ (Fig. 4B ) suppressed the development of cold hypersensitivities. Neither treatment was able to permanently prevent paclitaxel-induced hypersensitivities from developing. (Figs. 7A and 8A) . The EC 50 for paclitaxel in reducing tumor cell line viability ranged from 12.1 nM (Fig. 5A ) to 16.3 nM (Fig. 6A ) in 4T1 cells and between 6.41 nM (Fig. 7A ) to 8.41 nM (Fig. 8A ) in HeyA8 cells. Both URB597 (EC 50 = 32.6 μM, Table 1 ). By contrast, the FAAH inhibitors alone had no or minimal effects on viability in HeyA8 (EC 50 > 100 μM for URB597 (Fig. 7B ) and EC 50 = 388 μM for URB937 (Fig. 8B) To rule out the possibility that nonspecific cytotoxicity was induced by our manipulations, we also examined the impact of URB597 or URB937, in the presence and absence of paclitaxel, on viability of nontumor HEK293 cells using the same dose matrix analyses and computational approach. Paclitaxel showed limited efficacy (EC 50 > 500 nM) in reducing cell viability of HEK293 (Figs. 9A and 10A ) cells, in contrast to observations of robust reductions in cell viability produced by paclitaxel in either 4T1 (Figs. 5A and 6A) cells or HeyA8 (Figs. 7A and 8A) cells. Neither URB597 (Fig. 9B) nor URB937 (Fig. 10B ) altered HEK293 cell viability. Lack of effect of various concentrations of URB597 (Fig. 9C) and URB937 (Fig. 10C) on the dose response of paclitaxel on HEK293 cell line viability is shown by linear dose response curves observed in each case. Similarly, the relative lack of effect of various concentrations of paclitaxel (Figs. 9D and 10D ) on the dose response of either URB597 (Fig. 9D) or URB937 (Fig. 10D ) on HEK293 cell line viability is shown by linear dose response curves observed in each case. The three dimensional synergy maps, plotted over the dose matrix, indicate that, in HEK293 cells, the combination of either URB597 (Fig. 9E-G) or URB937 (Fig. 10E-G) with paclitaxel was either antagonistic or neutral in its impact on cell viability according to the Bliss model (Figs. 9E, 10E) , HSA model (Figs. 9F and 10F ) or Loewe Additivity model (Figs. 9G and 10G) .
In both 4T1 and HeyA8 cells, the combinations of either FAAH inhibitor with paclitaxel were synergistic in the tumor cell lines, based upon observations of positive synergy scores and most synergistic area scores for these combinations, as calculated by Synergyfinder (Table 1) . Assessment of synergy scores and most synergistic area scores revealed that, in combination with paclitaxel, URB597 was more synergistic than URB937 in reducing 4T1 tumor cell line viability, whereas the effects of the two FAAH inhibitors were more comparable in HeyA8 cells (Table 1) . By contrast, in HEK293 cells, Synergyfinder failed to reveal evidence of synergy of FAAH inhibitors in combination with paclitaxel in altering viability of non-tumor cells. In fact, in HEK293 cells, synergy scores and most synergistic areas scores were negative or neutral for either URB597 or URB937 in combination with paclitaxel (Table 1) .
4T1 and HeyA8 cells express FAAH mRNA
qRT-PCR experiments verified that both 4T1 and HeyA8 cell lines used in these experiments express FAAH mRNA. FAAH mRNA in each sample was normalized to GAPDH mRNA that corresponded to the same sample. The mean ΔCt value was 9.813 ± 1.24 for 4T1 and 11.25 ± 0.17 for HeyA8 cell lines, respectively. In 4T1 tumor cells, the mean Ct value for GAPDH was 16.29 ± 0.67, whereas the mean Ct value for FAAH was 26.11 ± 0.05, indicating that FAAH mRNA is abundantly expressed in 4T1 cell lines. In HeyA8 tumor cell lines, the mean Ct value for GAPDH was 21.08 ± 0.23, whereas the mean CT value for FAAH was 32.33 ± 0.18, indicating that the HeyA8 cell line has a moderate amount of FAAH gene expression. Relative FAAH mRNA expression in 4T1 cells was 2.7 fold of the level expressed in HeyA8 cells using 2 −ΔΔCt method.
Discussion
A number of clinical trial failings of FAAH inhibitors [17] [18] [19] suggest the importance of better understanding the relationship between FAAH inhibition and different pain pathologies to optimize potential for clinical translation of pain therapeutics. Inhibition of FAAH is efficacious in a number of different preclinical neuropathic pain models [53, 54] (e.g. chronic constriction injury (CCI) [55] [56] [57] , partial sciatic nerve ligation (PSNL) [16] , spinal nerve ligation (SNL) (rat) [58] , and chemotherapy-induced peripheral neuropathy [8] ). Importantly, FAAH inhibitors lack unwanted pharmacological effects associated with direct CB 1 receptor activation (i.e. tolerance, dependence, catalepsy). The present study supports and extends this body of literature, providing evidence that peripheral and central inhibition of FAAH reduces both the development and maintenance of paclitaxel-induced neuropathic pain without the occurrence of cannabinoid CB 1 receptor-mediated physical dependence or tolerance. In our study, anti-allodynic efficacy was sustained over a chronic dosing period of 20 days with either inhibitor, although neuropathic pain was not permanently prevented in a restricted prophylactic dosing paradigm.
Inhibitors of FAAH, administered acutely, are efficacious in suppressing chemotherapy-induced neuropathic pain in rodents [8, 59] , but our study is the first to evaluate inhibitors of FAAH that differ in their ability to penetrate the CNS for possible signs of tolerance or physical dependence in a model of chemotherapy-induced neuropathy (CIPN). Moreover, efficacy of brain permeant and impermeant FAAH inhibitors on the development of neuropathic pain has not previously been compared using prophylactic and therapeutic dosing paradigms. We report that both URB597 and URB937 suppressed both the development and maintenance of paclitaxel-induced hypersensitivities to mechanical and cold allodynia over a 20-day chronic dosing period. This observation is in contrast to the orthosteric pan-cannabinoid agonist WIN55,212-2, which initially suppressed paclitaxel-induced behavioral hypersensitivities but was no longer effective in producing Fig. 4 . Brain permeant and impermeant inhibitors of FAAH delay, but do not prevent, the development of paclitaxel-induced allodynia. The brain permeant FAAH inhibitor URB597 (1 mg/kg i.p. × 8 days) and the brain impermeant FAAH inhibitor URB937 (1 mg/kg i.p. × 8 days), administered over 8 days coincident with initiation of paclitaxel dosing, delayed the onset of paclitaxel-induced (A) mechanical and (B) cold hypersensitivities. Following the cessation of dosing with either URB597 or URB937, paclitaxelinduced allodynia emerges with a magnitude identical to that observed in vehicle-treated animals. Baseline responding, determined on day 0, was assessed prior to dosing with either the aforementioned pharmacological treatments or paclitaxel. Data are expressed as mean ± SEM (n = 5-6 per group). * p < 0.05 all groups vs. vehicle, +p < 0.05 URB597, WIN55,212-2 vs. vehicle, X p < 0.05 URB597, URB937 vs. vehicle Two-way repeated measures ANOVA followed by Bonferroni post hoc test. antinociception by day 8 of repeated dosing. This observation suggests that inhibition of FAAH, and peripheral FAAH inhibition only, may be superior to exogenous administration of cannabinoid agonists in reducing allodynia during the development paclitaxel-induced neuropathic pain. Sasso and colleagues previously reported that both URB597 and URB937, administered acutely, suppress inflammatory pain due to carrageenan and complete Freund's adjuvant inflammation of the hindpaw as well as neuropathic pain due to chronic sciatic nerve ligation [60] . However, in this latter study, URB937 was more effective than global FAAH inhibitors (URB597, PF-04457845) in suppressing inflammatory pain [60] . Interestingly, in our study URB597 and URB937 were equally effective in suppressing both the development and maintenance of paclitaxel-induced neuropathic pain. More work is necessary to determine whether FAAH inhibitors would be efficacious in suppressing chemotherapy-induced neuropathic pain in people.
We restricted pharmacological manipulations to the interval associated with paclitaxel dosing to examine whether anti-allodynic effects of either FAAH inhibitor would outlast the period of drug delivery and permanently prevent expression of paclitaxel-induced neuropathic pain. When administered over this truncated 8-day period, URB597 and URB937 delayed the onset of, but did not fully prevent, development of paclitaxel-induced neuropathic pain. Thus, inhibition of FAAH during the development of paclitaxel-induced neuropathy is not sufficient to prevent pathological changes initiated by paclitaxel that produce allodynia. This observation may reflect limited duration of action of the inhibitors given by i.p. injection. For example, chronic infusion of CB 2 or mixed CB 1 /CB 2 agonists (i.e. AM1710, WIN55,212-2) results in a long-lasting prevention of paclitaxel-induced hypersensitivity that outlasted the period of drug delivery by approximately two weeks [61, 62] . However, neuropathic pain eventually returned following termination of these chronic infusions [61, 62] . In our previous reports, URB597 produced anti-allodynic properties in suppressing chemotherapy-induced neuropathic pain through CB 1 and CB 2 receptor mechanisms [63] . By contrast, peripheral CB 1 receptor activation underlies URB937's efficacy in this model and in a CCI model of traumatic nerve injury [64] . FAAH inhibition indirectly activates CB 1 receptors by elevating levels of endogenous AEA (along with other fatty-acid amides) but is not sufficient to prevent paclitaxel-induced hypersensitivities from developing [42] . Our lab has previously reported no change in FAAH mRNA levels in the spinal cord of mice [32] following paclitaxel (4 mg/kg i.p. every other day 4 days) treatment. Similarly, paclitaxel (8 mg/kg i.p. every other day 4 days) did not change whole brain or spinal cord endocannabinoid levels or CB 1 /CB 2 receptor mRNA in mice [42] . Thus, targeting the endocannabinoid system alone is likely not sufficient to prevent pathological alterations ultimately resulting in allodynia following the onset of paclitaxel treatment.
Akin to our findings in the development phase of paclitaxel-induced allodynia, URB597 and URB937 abrogated already established paclitaxel-induced allodynia without the development of tolerance (i.e. when administered once daily over a 20 day dosing period). By contrast, WIN55,212-2 initially reversed already established paclitaxel-induced allodynia, but tolerance developed after 4 days of repeated dosing. This observation is consistent with previous reports showing that direct cannabinoid agonists such as Δ 9 -THC [32] and CP55,940 [31] suppress paclitaxel-induced allodynia initially but lose efficacy following repeated daily dosing. Thus, FAAH inhibition, and specifically peripheral FAAH inhibition, is sufficient to suppress already established paclitaxel-induced allodynia without development of tolerance, in contrast to the robust development of tolerance observed with orthosteric cannabinoid CB 1 agonists [30] [31] [32] .
In mice treated with WIN55,212-2 during the maintenance phase of paclitaxel-induced neuropathy, rimonabant challenge elicited more bouts of paw tremors than any other group, consistent with an unmasking of CB 1 -dependent withdrawal symptoms. This is in line with previous findings from our lab [32, 33] and others [65] [66] [67] showing that a CB 1 antagonist precipitates somatic withdrawal behaviors in mice treated chronically with a CB 1 agonist. Interestingly, rimonabant-precipitated withdrawal may be less pronounced in animals treated during the development phase of paclitaxel-induced allodynia relative to mice receiving the same cannabinoid agonist treatment in the maintenance phase. CB 1 desensitization or downregulation following chronic WIN55,212-2 treatment could potentially contribute to differences between the studies. While others have reported no change in whole-brain CB 1 receptor levels following paclitaxel treatment [42] during the maintenance phase of neuropathy, CB 1 receptor density or efficacy could differ in distinct regions that are involved with the somatic expression of withdrawal (e.g. locus coeruleus) [68] . More work is necessary to fully understand this relationship.
Rimonabant itself induces a pruritic response associated with scratching that is mediated by CB 1 , as evidenced by the fact that rimonabant-induced scratching is absent in CB 1 KO mice [69] . Thus, it is noteworthy that neither URB597, URB937 nor WIN55,212-2 altered rimonabant-induced scratching in our study. URB597, administered acutely, can suppress rimonabant-induced scratching behavior, although the dose of URB597 employed in that study was much higher (10 mg/kg i.p.) and the dose of rimonabant employed was much lower (1 mg/kg i.p.) than the doses used in the present studies [70] . Rimonabant-induced scratching is also attenuated by acute treatment with WIN55,212-2 [71] . We did, however, observe lower levels of rimonabant-induced scratching under conditions in which paw tremors, a wellvalidated measure of cannabinoid CB 1 -mediated withdrawal [6, 31, 32, 65, 72, 73] , were also increased by rimonabant challenge. This observation is likely due to the fact that paw tremors and scratching bouts are temporally distinct behaviors that do not occur simultaneously.
Strikingly, peripheral FAAH inhibition alone was sufficient to suppress the development of and reverse already-established paclitaxelinduced allodynia. We have previously reported that anti-allodynic effects of URB937, administered acutely, are mediated by peripheral CB 1 receptors only [63] . This is in line with previous reports using other pain models [64] that peripheral CB 1 receptor activation is sufficient to elicit anti-allodynic effects [74] . However, PPARα receptors are involved in the anti-allodynic effects of PEA, another fatty-acid amide Data (derived from duplicate determinations from n = 3 experiments performed on different days) was evaluated using Synergyfinder to generate both the synergy score and the most synergistic area score. Positive scores reflect evidence of synergy whereas negative scores reflect antagonism. * Loewe model is not able to calculate the synergy score with this combination data set. 
